Extreme flooding is one of the major risk factors for human health, and it can significantly influence the microbial communities and enhance the mobility of infectious disease agents within its affected areas. The flood crisis in 2018 was one of the severe natural calamities recorded in the southern state of India (Kerala) that significantly affected its economy and ecological habitat. We utilized a combination of shotgun metagenomics and bioinformatics approaches for understanding microbiome disruption and the dissemination of pathogenic and antibiotic-resistant bacteria on flooded sites. Here we report, altered bacterial profiles at the flooded sites having 77 significantly different bacterial genera in comparison with non-flooded mangrove settings. The flooded regions were heavily contaminated with faecal contamination indicators such as Escherichia coli and Enterococcus faecalis and resistant strains of Pseudomonas aeruginosa, Salmonella Typhi/Typhimurium, Klebsiella pneumoniae, Vibrio cholerae and Staphylococcus aureus. The resistome of the flooded sites contains 103 resistant genes, of which 38% are encoded in plasmids, where most of them are associated with pathogens. The presence of 6 pathogenic bacteria and its susceptibility to multiple antibiotics including ampicillin, chloramphenicol, kanamycin and tetracycline hydrochloride were confirmed in flooded and post-flooded sites using traditional culture-based analysis followed by 2 16S rRNA sequencing. Our results reveal altered bacterial profile following a devastating flood event with elevated levels of both faecal contamination indicators and resistant strains of pathogenic bacteria. The circulation of raw sewage from waste treatment settings and urban area might facilitate the spreading of pathogenic bacteria and resistant genes.
Introduction
Flooding is one of the most destructive natural disasters, resulting in significant damages to life and infrastructure worldwide 1 . The devastating flooding in the southern state of India (Kerala) during August 2018 was declared as a "calamity of severe nature", leaving 23 million people affected 2, 3 . This was the worst ever flood in the history of Kerala since the Great flood in 1924 4 . During this season, Kerala state received a cumulative rainfall of 2346.3 mm, 42% greater than the monsoon average 5 . 35 out of 54 dams within the state were opened due to the heavy rainfall in its catchment areas. The flood left 10,319 houses fully damaged, more than 0.1 million houses partially damaged, destroyed 83,000 km of roads including 10,000 km of major roads, and 60,000 hectares of crops causing nearly $2.9 billion worth of damage 2 . Previous epidemiological evidence suggests that floods are positively associated with increased risk of water-borne and vector-borne diseases such as skin infection, typhoid fever, cholera, leptospirosis, hepatitis A, malaria, dengue fever, yellow fever and West Nile fever 6, 7 . The stagnant floodwater can also significantly affect the environmental microbiome and spread of microbial pathogens 8 .
Previous studies showed floods due to Hurricane Katrina in 2005 9 , Chennai flood in 2015 10 , Hurricane Harvey in 2017 11 and Thailand flood in 2011 12 significantly influenced the bacterial profile of water and soil. Reports on these floods evidenced that faecal contamination indicators like Escherichia coli, Enterobacter aerogenes and Enterococcus were widely distributed in water and soil sediments. In addition, infectious diseases causing pathogens such as Legionella pneumophila, Vibrio cholerae, Aeromonas hydrophila, Klebsiella pneumonia, Clostridium perfringens, Salmonella Typhi, Streptococcus pyrogens and Shigella flexneri were also abundant after the flood event. Another important concern is the possible coexistence of multidrug-resistant pathogenic bacteria with environmental bacteria, especially since the frequency of flooding could increase in coming years due to global climate change and expansion of coastal cities 13 . A previous study at Hurricane Harvey's flooded sites in Houston revealed the elevated levels of anthropogenic antibiotic resistant markers such as sul1 and intI1 11 . Furthermore, circulation of raw sewage from wastewater treatment plants and urban settings, have been shown to facilitate the spreading of antibiotic-resistant bacteria and resistant genes. There were attempts to understand flood associated microbial composition alteration 8, 9, 11 and circulation of pathogenic and resistant bacteria, but its influence varies significantly based on the geography and nature of flooded environments. A better understanding of the impact of extreme flooding on the disruption of natural environmental microbiome and dissemination of pathogenic and antibiotic-resistant bacteria still needs detailed investigation. Kuttanad, an agricultural region in Kerala located in India's lowest altitude of 4-10 feet below sea level is particularly susceptible to flood damage due to its unique geography. Here, we employed shotgun metagenomic and bioinformatics techniques to understand the bacterial community profile and the resistome of flood-affected areas of Kuttanad, India. We found a significant difference in the bacterial community structure and a higher abundance of multidrug-resistant pathogenic species in flood-affected areas. Our results will provide a better understanding of the health impacts of floods and provide more evidence to support decision-making for the prevention and control of flood-related diseases outbreaks.
Results
Extreme flooding is one of the major risk factors for human health. It can significantly alter the top layer soil microbiome of flooded sites and enhance the mobility of infectious disease agents, especially the water-borne pathogens such as Salmonella typhi, Vibrio cholerae, Leptospira sp. and its resistant strains 15 . To investigate the bacterial community structure of flooded settings, we performed a detailed metagenomic screening of sediment samples collected from areas of Kuttanad (covers over 500 sq.km), devastated by heavy flooding (Fig. 1 ).
Environmental indices were recorded at the sampling day ( Supplementary Table S1 ). 
Bacterial profiles of flooded regions
On average, 178,527 16S rRNA reads were obtained from five different sites that were severely affected by the flood in August 2018. Less than half of the 16S rRNA reads (48 %) were could be taxonomically classified into known microbial organisms, of which the majority (96%) belongs to bacterial species. Among the annotated cases of bacterial species, Proteobacteria (45.4%) was found to be the most abundant phylum followed by Firmicutes (23%), Actinobacteria (16.39%) and
Bacteriodetes (5.94%) ( Fig. 2 ; Supplementary Table S2 ). Within the Proteobacterial phylum, the most abundant classes were the species of Betaproteobacteria (14.54%)
and Alphaproteobacteria (14.42%) followed by Gammaproteobacteria (11%) and
Deltaproteobacteria (4.73%). Within Firmicutes, the most abundant species were from Bacilli (12.96%) followed by Clostridium (9.18%) class. Actinobacteria At the genus level, Streptomyces (6.03%) is the abundant genera followed by Magnetospirillum (4.08%), Neisseria (3.15%) and Achromobacter (2.66%).
The bacterial community richness and diversity (chao1, Shannon indices) of flooded sites are found to be uniform, but its bacterial composition varies from nonflooded settings ( Supplementary Table S3 ; Supplementary Supplementary Table S2 for the full list of bacterial taxa found in flooded sites.
Resistome of flooded locations
To test the prevalence of Antibiotic Resistant Genes ( Carbapenems, a subfamily of beta-lactam antibiotics currently is the most effective broad-spectrum antibiotics 18 , for which 10 resistant genes (eg., mdsB, MexB, mexQ) were found in the flooded sites. Additionally, we also detected genes that confer resistance to synthetic antibiotics such as sulfonamide (sul1, sul2 and sul4),
fluoroquinolones (e.g., smeE, adeF, acrB) and penems (TEM-126and TEM-102).
Furthermore, most of these genes were predominantly reported in species such as Table S4 ). In addition, we also found many virulence factors (VFs) in flooded sites that are distributed among the above bacterial pathogens. The functional classification of these VFs showed that they are involved in bacterial motility, cell adherence, iron uptake, secretions and toxins ( Supplementary   Table S5 ). These results indicate that flooded sites are large reservoirs of antibioticresistant genes and virulence factors associated with pathogenic mechanisms in clinically relevant bacteria.
The faecal bacterium population and ARG abundance might the result from the discharge of sewage from urban settings. There are about 39 (38%) resistant genes that are plasmid encoded, which increase the chances of conjugative transfer than non-ARG carrying plasmids. These genes are having a higher transfer potential, and while we could not precisely quantify the extent to which lateral gene transfer can promote further gene mobility, we can confidently report that the flood transported a significant number of resistant genes in the flooded sites. Supplementary Table S4 .
Pathogenic and resistant bacteria present in flooded settings are viable?
In order to check the viability and resistance of pathogenic bacteria present on flooded sites, we performed a culture-based analysis using selective and differential agar media, which includes Eosin methylene blue agar (EMB agar), Salmonella 19 ( Supplementary   Table S6 ), but the abundance of Enterococcus faecalis was reduced to more than half 
Discussion
Our results demonstrate that the devastating flood that occurred in the southern state of India significantly influenced the bacterial composition of its and non-pathogenic bacteria 23 . 46% of the multidrug-resistant genes identified were found to be plasmid encoded, which increase the transfer potential of these genes 24, 23 .
Furthermore, better time-resolved sampling is required to estimate pathogen survival duration and source of detected pathogens and resistant strains and their evolution 25 .
The higher abundance of bacterial pathogens carrying multidrug-resistant genes is alarming because it could make post-flood disease outbreaks difficult to treat.
Our study provides more insights into the pathogenic and resistance traits of bacterial communities of flooded and post-flooded settings, which helps to plan better preventive measures against post-flood disease outbreaks; preventive measures such as chlorination of floodwater, vaccination and good hygienic practices that can help avoid the spread of infectious diseases. 
Materials and methods

Sample collection
Shotgun metagenomic sequencing and analysis
One microgram high quality metagenomic DNA was further used for shotgun metagenomic sequencing. Metagenome sequencing libraries were prepared using the NEBNext Ultra DNA Library preparation kit following the manufacturer's protocol.
In brief, the DNA is subjected to a sequence of enzymatic steps for repairing the ends and tailing with dA-tail followed by ligation of adapter sequences. These adapterligated fragments were then cleaned up using SPRI beads. The cleaned fragments were indexed using limited PCR cycle to generate final libraries for paired-end sequencing. 2×150bp sequencing reads were generated on the with P value <0.05, confidence intervals of 95% and extended error bars were plotted.
Genus-level taxa abundances were used in STAMP 34 to generate principal component analyses (PCA). Alpha diversities were measured by Shannon diversity index and chao1 index using Qiime2 35 to analyze the diversity within the samples.
Antibiotic resistance and virulence genes were identified by mapping the quality filtered reads against CARD 36 and VFDB 37 using DIAMOND v.0.9.24 (BLASTx, -e 1e-05). Only hits with sequence identity above 90% and an alignment length over 25 amino acids were kept 38, 39 . The identified ARGs were further annotated according to the corresponding CARD database descriptions.
The occurrence of ARGs in plasmids was determined using BLASTn 40 against 14,595 complete plasmid sequences from the NCBI RefSeq database (updated on 16
May 2019). Hits with > 70% of query coverage and > 70% of amino acidic identity was kept.
Abundance of selected pathogens
The abundance of selected pathogenic bacteria was calculated by colony forming unit. 
Identification of antibiotic resistant bacterial pathogens
Bacterial pathogens that were grown on selective media and were used to check resistance against ampicillin (Sigma-Aldrich), chloramphenicol (Sigma-Aldrich), kanamycin (Sigma-Aldrich) and tetracycline (Sigma-Aldrich 
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